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Formation of the left/right body axis is a critical early step in embryogenesis. The heart loop is one of the ®rst clearly
recognizable morphological asymmetries, and the molecular pathway which dictates this laterality is now beginning to be
understood. We report here that the left and right precardiac ®elds of chick differ in their sensitivity to retinoic acid (RA);
while RA applied to the right precardiac ®eld at gastrulation randomizes heart looping, left side treatment induces situs
inversus only at high RA concentrations. We identi®ed two extracellular matrix proteins, the heart-speci®c lectin-associated
matrix protein-1 (hLAMP1) and the ®brillin-related protein recognized by the antibody JB3, which are distributed asymmet-
rically within the precardiac ®elds at the head process stage. In normal embryos, JB3 expression is enhanced within the
right precardiac ®eld, and hLAMP-1 is enriched within the left. RA treatment predictably altered the expression of these
proteins in a manner consistent with subsequent heart laterality: RA treatments which randomize heart loop direction also
equalized or reversed the left/right JB3 and hLAMP-1 distribution prior to heart tube fusion. The existence of asymmetrically
expressed extracellular matrix proteins within precardiac regions suggests that interactions between cardiocytes and their
environment may contribute to heart laterality determination and looping. q 1997 Academic Press
INTRODUCTION Presumptive precardiac cells emerge bilaterally from the
primitive streak at stage 3 (Hamburger and Hamilton, 1951)
Establishment of the principal body axes of the vertebrate in an order consistent with the heart's future rostrocaudal
organism is an early critical step in embryogenesis. The axis (Rawles, 1943; Garcia-Martinez and Schoenwolf, 1993).
anteroposterior and the dorsoventral are the ®rst two axes Although Hensen's node is not visible at this stage, signal-
formed and are placed at right angles to one another, yield- ing factors associated with node activity may be present
ing a bilaterally symmetric body arrangement (reviewed by and able to in¯uence positional identity. By stage 5, the
Gurdon, 1992). The creation of an asymmetrical left/right bilateral precardiac ®elds are positioned within the meso-
axis is likely a later event that is superimposed upon these derm on either side of the node, and their expression of
preexisting axes. markers associated with the cardiac lineage (e.g., JB3,
cNkx2.5; Wunsch et al., 1994; Schultheiss et al., 1995),
along with lineage tracer analysis (Cohen-Gould and Mi-1 To whom correspondence should be addressed at Department
kawa, 1996), suggests that they are determined by this time.of Nutritional Sciences, University of Wisconsin-Madison, 1415
While cardiac rostrocaudal identity appears to be present atLinden Drive, Madison, WI 53706. Fax: (608) 262-5860. E-mail:
suesmith@nutrisci.wisc.edu. stage 3, transplant studies indicate that left/right cardiac
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identity is not determined until neurulation at stage 6 dictate the entire left/right axial identity. Indeed, Cooke
(1995) observed that node asymmetry was not always re-(Hoyle et al., 1992; Danos and Yost, 1996). Unfortunately,
the earliest asymmetry of the heart is not obvious until ¯ected in subsequent heart looping and that cardiac asym-
metry was potentially independent of node handedness.formation of the right loop at stage 10 of development; thus
earlier molecular markers which re¯ect the direction of Data presented here demonstrate a direct link between
precardiocyte gene expression and subsequent heart loopingheart looping would facilitate analysis of these asymmetric
positional cues. direction. Two extracellular matrix proteins are identi®ed
that exhibit asymmetric expression between the left andHuman and animal models suggest that determination of
left/right asymmetry is in¯uenced by multiple cues prior the right heart-forming ®elds of the presomitic-stage chick
embryo. That the signaling hormone retinoic acid (RA) pre-to the headfold stage. In the autosomal recessive iv locus,
50% of iv/iv mice have a complete inversion of the viscera dictably alters the distribution of these cardiac markers and
the direction of heart looping suggests that retinoids may(Icardo et al., 1991), suggesting that the iv gene speci®es
normal asymmetry. Mice homozygous for the insertional in¯uence early steps which establish the left/right embry-
onic axis.mutant inv have a 100% incidence of inversion of embry-
onic body rotation and stomach orientation (Yokoyama et
al., 1993), with almost 50% showing complete reversal of
the heart, suggesting that a single genetic locus can override MATERIALS AND METHODS
other cues and establish ``left'' and ``right'' for the entire
axis. Recent work shows this assignment of laterality is
Bead implants. Embryos were staged according to the criteriare¯ected in expression of the downstream markers nodal
of Hamburger and Hamilton (1951), and RA-soaked beads wereand lefty within the lateral plate mesoderm (Meno et al.,
implanted next to Hensen's node as described previously (Dickman
1996; Collignon et al., 1996; Lowe et al., 1996). and Smith, 1996). Embryos were collected at stage 11/12 to examine
The situation in human models is more complicated, heart loop direction or at stages 5±9 for immunohistochemistry or
with patients exhibiting a partial or complete situs inversus in situ hybridization.
in thoracic and abdominal regions. Individuals with Karta- Antibodies. Heart-speci®c lectin-associated matrix protein-1
(hLAMP-1) is a 283-kDa glycoprotein, originally identi®ed as a se-gener's syndrome have a defect in the dynein arms of cilia
creted particulate product of the myocardium underlying the extra-and display situs inversus (Afzelius, 1976). Left/right sym-
cellular matrix of the cardiac cushions. This protein is distinctmetry between thoracic (heart, lung) and abdominal (stom-
from ®bronectin and cytotactin and is recognized by a mouse IgG1ach, pancreas, liver) compartments, however, is separable, a
monoclonal antibody named anti-hLAMP-1 (Sinning and Hewitt,condition known as heterotaxia or situs ambiguous. Taken
1996). JB3 is a mouse IgG1 monoclonal antibody which recognizestogether, these observations suggest that L/R identity may
a 7E350-kDa protein originally identi®ed within the chick atrio-
involve continuous signaling processes along the torso and/ ventricular endocardial cushions and which appears to be a ®brillin
or is an independent assignment of each individual organ or isotype or a ®brillin-associated protein (Wunsch et al., 1994).
segment. One working model to account for the surprising Immunohistochemistry. Embyros were ®xed in 4% paraformal-
variations in L/R identity is to consider the initial establish- dehyde in phosphate-buffered saline (PBS) for 2 hr (JB3) or 2% para-
formaldehyde in PBS for 1.5 hr (hLAMP-1), rinsed with PBS, andment of asymmetry upon the previous bilateral symmetry
stored in methanol at 0207C until needed. For antibody staining,and, when necessary, to establish an identity of ``left'' or
embryos were transferred to ethanol and stepwise rehydrated to``right'' for each structure dependent upon how the asym-
PBS. Blocking with 2% BSA/PBS at 47C occurred overnight priormetry is interpreted.
to incubation with primary antibody (JB3, undiluted supernatant,While a number of structures exhibit left/right asymme-
or hLAMP-1 at 1:250 in 1% BSA/PBS) for 2 hr and then goat anti-try (Hensen's node, heart, viscera, tail looping), cardiac
mouse IgG-Cy5 (Jackson Immunochemicals) at 1:100 for 1 hr. After
asymmetry is most frequently studied because the initial washing in PBS, embyos were mounted in PBS/glycerol (1:1) con-
right-bending heart loop is an obvious early morphological taining 0.02% NaN3 and viewed from a ventral aspect by confocal
asymmetry in the embryo. While early work hypothesized microscopy.
that torsional/mechanical stresses from elongation in a con- Whole-mount in situ hybridization. Embryos were ®xed over-
night in 4% paraformaldehyde in PBS, rinsed in PBS, and dehy-®ned pericardial region drove heart looping (Patten, 1922),
drated in a methanol/PBS±0.1% Tween series. Embryos wereit is now clear that this ®rst heart loop is an intrinsic prop-
stored in 100% methanol at 0207C until needed. Whole-mounterty of the heart; culturing of the isolated heart tube in
in situ hybridization was performed using antisense digoxygenin-the absence of its surroundings results in formation of the
labeled chick shh or nodal cRNA probe (gift of C. Tabin; Riddle etnormal heart curvature (Bacon, 1945; Butler, 1952; Orts
al., 1993) with minor protocol modi®cations (Stern et al., 1995).Llorca and Gil, 1967; Flynn et al., 1991).
Confocal microscopy. Confocal microscopy was carried out on
While it has been easiest to measure asymmetry as a a Bio-Rad MRC 1000 laser-scanning confocal microscope equipped
function of heart looping, it should be cautioned that other with a krypton±argon laser for excitation of Cy5 at 647 nm. For
organs must also choose a left/right identity and that their each embryo a through-focus series of images, including all detect-
selection is not always dependent upon the previous heart able signal, was projected at maximum intensity into a single image
for subjective and quantitative scoring of asymmetry.choice. Thus, heart looping direction does not necessarily
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TABLE 1
RA Directs Heart Loop Asymmetry in a Position- and Dose-Speci®c Manner
Neutral red DMSO 10 mg/ml 25 mg/ml 50 mg/ml 100 mg/ml
Bead on left
No. embryos 20 79 31 38 31 47
Right loop 19 (95%) 76 (96.2%) 31 (100%) 35 (92.1%) 27 (87.1%) 35 (74.5%)
Left loop 1 (5%) 3 (3.8%) 0 3 (7.9%) 4 (12.9%) 12 (25.5%)*
Bead on right
No. embryos 20 24 n.d. 12 18 11
Right loop 19 (95%) 24 (100%) Ð 7 (58.3%) 10 (55.6%) 7 (63.6%)
Left loop 1 (5%) 0 Ð 5 (41.7%)*,** 8 (44.4%)*,** 4 (36.4%)*
* P  0.05 for RA treatment vs DMSO, Fisher's exact test. Embryonic death not signi®cant except at highest RA concentration tested
(100 mg/ml).
** P  0.05 for RA-right treatment vs RA-left treatment, Fisher's exact test.
Quanti®cation of immunostaining signal. Coded photographs 100 mg/ml may re¯ect diffusion of RA across the midline
were initially evaluated and scored for their intensity of immuno- and into the embryo's right side, as doses at this soaking
¯uorescent signal within the precardiac ®elds by three individuals concentration can readily travel and in¯uence cells several
blinded to treatment and outcome. The precardiac ®elds were as- hundred mm distant (S. M. Smith, unpublished observa-
signed according to the fate maps of Rosenquist and Dehaan (1966; tions). We conclude that RA can in¯uence the direction of
Schultheiss et al., 1995) and were kept equivalent for both sides
cardiac looping and that the right and left heart ®elds differand all embryos of equivalent stage (boxed in Figs. 2A, 2D, 3A, and
in their sensitivity to RA treatment.3D). NIH Image was used to de®ne pixel intensities within each
®eld. Results are expressed as the ratio of the summed pixel inten-
sity between the two heart ®elds { SEM, with n  3±6 embryos/
Identi®cation of Asymmetric Protein Expression intreatment group. Statistical signi®cance betweeen RA and DMSO
the Precardiac Fieldstreatment groups was analyzed using the Wilcoxon rank-sum test.
We identi®ed two extracellular matrix proteins which
exhibit an asymmetric expression within the precardiacRESULTS mesoderm, coincident with the time when cardiac lateral
identity is determined at stage 6 (Hoyle et al., 1992).
RA Directs Heart Looping in a Position-Speci®c hLAMP-1 is a 283-kDa protein isolated from the particu-
Manner late matrix of stage 15±16 chick hearts; it is distinct from
®bronectin, cytotactin, or the JB3 epitope, and its contribu-Previous experiments demonstrated that exogenous RA
applications (100 mg/ml) to the left of Hensen's node at tions to endothelial/mesenchymal transformation within
the cardiac cushions have been described (Sinning and Hew-gastrulation were capable of reversing heart loop direction
(Dickman and Smith, 1996). We compared the ability of the itt, 1996). At stage 4 and early stage 5 hLAMP-1 is not
detected within the precardiac regions, but is present withinleft and right precardiac ®elds to respond to RA with regard
to heart laterality. RA-soaked beads placed immediately to Hensen's node (arrowhead, Fig. 1a). However, at the late
head process stage, it is apparent within the lateral meso-the right of Hensen's node induced a signi®cant incidence
of hearts which looped to the embryo's left side (L-loop) derm anterior to the level of the node (Fig. 2a; ventral view),
and by early stage 6 (headfold stage) it is clearly enrichedinstead of the right (D-loop; Table 1). The frequency of situs
inversus was similar at all concentrations tested (25, 50, within the left precardiac and ventral foregut regions, com-
pared with the right precardiac region (Fig. 2d; signal inten-and 100 mg/ml). The failure to reach the 50% randomization
frequency may re¯ect that some beads may fall off the em- sity L/R  1.45 { 0.11, n  6; Table 2). This asymmetry is
maintained through at least stage 8 when the bilateral heartbryo after re®lling, sealing, and rotating the eggs. Control
beads soaked only in DMSO did not signi®cantly affect tubes form (not shown).
The JB3 monoclonal antibody detects a chick extracellularheart looping or morphogenesis.
In contrast, the identical RA concentrations implanted to matrix protein of approximately 350 kDa which is a ®brillin
isotype or a ®brillin-associated protein originally identi®edthe left side of Hensen's node in the embryo failed to in¯u-
ence heart loop direction except for the highest concentra- within the atrioventricular endocardial cushions (Wunsch et
al., 1994). At stage 3 the JB3 epitope just becomes apparenttion tested (100 mg/ml; Table 1), consistent with previous
observations (Dickman and Smith, 1996). The response at within precardiac populations emerging from the primitive
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direction of the initial D-loop and results in a random assig-
nation of cardiac asymmetry, we examined whether RA also
affected precardiac protein expression in a manner coinci-
dent with loop choice.
RA-soaked or DMSO-soaked beads were placed to the left
or right of Hensen's node at stage 4 and the expression of
hLAMP-1 and JB3 was examined at stages 5±7 (6±8 hr later).
Treatment with DMSO-soaked beads had little effect upon
JB3 or hLAMP-1 signal, apart from a modest and nonsig-
ni®cant reduction in signal on the implanted side (data not
shown).
RA implanted into the right precardiac region upregulated
hLAMP-1 signal within the embryos' right side, such that the
left-sided asymmetry of hLAMP-1 was lost (Figs. 2c and 2f).
The left/right ratio of hLAMP-1 levels became equivalent or
even inverted (L/R  0.80 { 0.28; Table 2); the incidence of
inversion versus equivalence could not be correlated directly
with subsequent loop direction. RA implantation adjacent to
the left precardiac region did not alter the left enrichment of
hLAMP-1 (Figs. 2b and 2e; L/R  1.38{ 0.12) and was consis-
tent with the inability of RA-left to alter looping direction.FIG. 1. Confocal microscopy visualizes the expression of the ex-
Thus, RA applications which reverse or abolish the hLAMP-tracellular matrix proteins hLAMP-1 and the JB3 ®brillin-like pro-
tein in gastrulation-stage chick embryos. (a) hLAMP-1 expression 1 asymmetry between precardiac ®elds are correlated with a
is restricted to Hensen's node (arrowhead) at stage 4. (b) JB3 is loss of the initial cardiac asymmetry as the loop direction
detected in the emerging left and right precardiac ®elds (arrowhead) becomes randomized (Table 1).
at late stage 3, as well as in the midline of the primitive streak The relationship between RA's in¯uence upon JB3 asym-
(arrow). Views are ventral toward the reader. metry and heart loop direction behaved similarly. When
implanted adjacent to the right precardiac region, RA al-
tered JB3 expression such that the left and right regions had
essentially equivalent JB3 levels (L/R  1.08 { 0.12; Table
streak; signal intensity and distribution are not noticeably 2). This was observed at both stage 6 (Fig. 3c) and stage 7
different between the left and the right sides at this stage (Fig. 3f) of development. RA implants on the left side of
(arrowhead, Fig. 1b) nor at stage 4 (not shown; Wunsch et al., the embryo did not in¯uence JB3 signal distribution when
1994). Higher magni®cation reveals that signal is primarily examined at either stage 6 (Fig. 3b) or stage 7 (Fig. 3f; L/R
mesodermal and is particularly enriched within the endo-  0.43 { 0.01). That the effect of RA is to downregulate
derm/mesoderm interface, consistent with a precardiac iden- JB3 levels is suggested by embryos in which a loss of JB3
tity (not shown; Wunsch et al., 1994). signal is clearly observed surrounding the bead implant
Like hLAMP-1, the JB3 signal becomes asymmetric (arrow, Fig. 3f); this probably accounts for the decreased L/
within the precardiac ®elds at stage 5. However, its distribu- R ratio relative to that of DMSO when RA is implanted on
tion is the reverse of that for hLAMP-1, in that it predomi- the left (Table 2). The loss of JB3 asymmetry between the
nates within the right precardiac mesoderm as opposed to precardiac regions, when applied to the embryo's right, is
the left through stage 7 (Figs. 3a and 3d). This asymmetric consistent with RA-right-induced randomization of cardiac
distribution is restricted to the precardiac region, as its ex- looping direction (Table 1).
pression is essentially equivalent within the left and right
presomitic regions. The asymmetry is con®rmed by quanti-
nodal and shh Expression Following RA Exposuretation of signal within the precardiac ®elds; the ratio of JB3
staining between left and right averages 0.69 { 0.10, when We also examined RA's effect upon nodal, which is nor-
identical ®elds are measured (Table 2). mally expressed within the left lateral plate beginning at
stage 7 and is absent or reversed in models of situs inversus
(Levin et al., 1995; Collignon et al., 1996; Lowe et al., 1996).RA Alters hLAMP-1 and JB3 Asymmetry
Neither DMSO-soaked beads (0/10 abnormal) nor left-RACoincident with Its Ability to Randomize
implantation (0/11 abnormal) affected the normal left re-Heart Looping
striction of nodal transcripts. In contrast, some right-RA-
implanted embryos exhibited either a loss (2/10) or a rever-We next tested the relationship between asymmetric
hLAMP-1 and JB3 expression and the direction of the initial sal of nodal expression onto the right side (1/10); although
the incidence was not statistically signi®cant, this behaviorheart loop. Given that topical RA application can alter the
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FIG. 2. The extracellular matrix protein hLAMP-1 demarcates a left/right asymmetry within the precardiac ®elds at stages 5 (a±c) and
7 (d±f), which is alterable by RA. (a and d) DMSO treatment on the right side does not affect hLAMP-1 enrichment in the left precardiac
®eld (compare boxed areas); similar results are seen when DMSO is placed left (not shown). hLAMP-1 expression within the presumptive
ventral foregut and node is consistent with published observations. (b and e) RA treatment left (50 mg/ml) maintains hLAMP-1 enrichment
on the left. (c and f) RA treatment right reverses hLAMP-1 asymmetry such that it is now enriched on the right (c) or is more equalized
(f). All views are ventral toward the reader. L, left; R, right.
was consistent with that seen in other models of random- It was formally possible that RA could have indirectly
affected heart laterality through induction of ectopic shhized laterality (Lowe et al., 1996). That this number is not
higher may re¯ect the distance between bead and lateral expression, as seen in limb bud (Riddle et al., 1993; Levin
et al., 1995). RA placed to the left (n  7) or right (n  8)plate mesoderm and/or bead exhaustion at the time nodal
is induced at stage 7. of Hensen's node failed to induce shh, as did DMSO treat-
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TABLE 2
Relative Signal Intensity of hLAMP-1 and JB3 between Left and Right Precardiac Fields
Treatment
Relative signal intensity,
left/right DMSO RA left RA right
hLAMP-1 1.45 { 0.11 1.38 { 0.12 0.80 { 0.28*
JB3 0.69 { 0.10 0.43 { 0.01 1.08 { 0.12**
* Mean { SEM, RR vs DMSO, P  0.057; RR vs LR, P  0.056; LR vs DMSO, P  0.396.
** Mean { SEM, RR vs DMSO, P  0.026; RR vs LR, P  0.050; LR vs DMSO, P  0.125.
ment (n  6). We conclude that RA's effects on cardiac reported at least one protein with enriched expression in
laterality are likely independent of shh. iv/iv and RA-treated mice.
Consistent with these observations is the ability of exoge-
nous RA to affect laterality. RA exposures at gastrulation
stages of development result in a 20% incidence of thoracicDISCUSSION
and visceral heterotaxia in hamsters (Shenefelt, 1971), rats
(Miura et al., 1990), and mice (Irie et al., 1990). In rats
By investigating proteins which are expressed by precar- treated at gastrulation with RA, half of all embryos with
diac cells, we have identi®ed two early cardiogenic matrix heart defects also exhibited situs inversus, suggesting that
proteins whose expression re¯ects an asymmetry at the RA randomized the assignment process. Dextrocardia is
time when left/right heart loop identity is being deter- also reported in human isotretinoin syndrome (van Mald-
mined. RA randomizes heart loop direction in a position-
ergern et al., 1992) and in retinoid-exposed nonhuman pri-
and dose-speci®c manner. RA also alters cardiac matrix pro-
mates (Hendrickx et al., 1980). This heterotaxia is unlikely
tein asymmetry in a manner which predicts its ability to
due to RA's effects upon other tissues such as the central
randomize heart looping direction, further suggesting that
nervous system, head process, or neural crest, because thehLAMP-1 and JB3 recognize true asymmetries within the
initial D-loop is intrinsic to the heart and is independentheart ®eld which predict and perhaps in¯uence the subse-
of the cranial ¯exure (Bacon, 1945; Butler, 1952; Orts Llorcaquent D-loop formation.
and Gil, 1967; Flynn et al., 1991); further, RA affects asym-Given that the heart-forming regions respond differen-
metric gene expression within the precardiac ®elds them-tially to RA and that the machinery necessary for RA signal-
selves. That situs inversus and dextrocardia are not ob-ing is in place during this time of commitment, endogenous
served more frequently following retinoid exposure is mostRA could play a normal role in cardiac laterality. It is worth
likely due to the timing of exposure; treatment must occurnoting that situs inversus is observed in vitamin A-de®cient
at gastrulation or preneurulation stages while laterality isquail embryos (Heine et al., 1985; Dersch and Zile, 1993;
being assigned (Shenefelt, 1971; Miura et al., 1990) and priorTwal et al., 1995), although the incidence is not reported.
to commitment (Hoyle et al., 1993).Such embryos reverse their asymmetric expression of the
The precardiac proteins hLAMP-1 and the JB3 ®brillin-protein ¯ectin, which is normally restricted to the left heart
like protein represent the earliest known asymmetries be-(Tsuda et al., 1996). RA is certainly in the right place and
tween the precardiac ®elds. The matrix protein ¯ectin isat the right time to have such an in¯uence. The chick pre-
asymmetric within the heart tubes shortly thereafter, withcardiac endoderm synthesizes retinol binding protein
more present on the left beginning with the appearance of(Lough, 1996) and antisense oligos to RBP perturb early
somites 2±3 (Tsuda et al., 1996). The cardiac transcriptionmouse morphogenesis (Bavik et al., 1996). The RA-induc-
factor cNkx-2.5 also is upregulated within precardiac cellsible retinoid receptor RAR-b2 is sharply upregulated within
at this time, but its expression appears to be quite symmet-the precardiac ®elds and ventral foregut at the headfold
ric (Schultheiss et al., 1995), suggesting that the two ®eldsstage (Smith, 1994) and may re¯ect the prior synthesis of
are likely equivalent in size. Stalsberg (1969a) found thatRA by Hensen's node and adjacent tissues (Hogan et al.,
the left and right heart ®elds unequally contribute to the1994; Chen et al., 1992). Stage 5±8 quail embryos contain
heart: while the overall heart tube is derived equally from5 nM all-trans-RA and 4 nM didehydro-RA, suf®cient for
both sides, cells originating from the right have a greaterreceptor activation (Dong and Zile, 1995), and it is detected
contribution at the cephalic end (55%) and less so caudallyin the precardiac region using an anti-RA monoclonal anti-
(40.2%). He suggested that differences in cell number maybody (Twal et al., 1995). In this light, it would be of interest
provide a partial basis for loop direction. Left/right differ-to determine whether aspects of retinoid metabolism are
altered in the iv or inv mice; VanKeuren et al. (1991) have ences in proliferation rates of precardiac mesoderm or early
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FIG. 3. The ®brillin-related matrix protein recognized by the JB3 antibody demarcates a left/right asymmetry within the precardiac ®elds
at stages 5 (a±c) and 6 (d±f), which is alterable by RA. (a and d) DMSO treatment on the right side does not affect JB3 enrichment in the
right precardiac ®eld (compare boxed areas). JB3 expression within the presomites and primitive streak is consistent with published
observations. (b and e) RA treatment left (50 mg/ml) maintains JB3 enrichment on the right. (c and f) RA treatment right eliminates the
right JB3 enrichment such that its expression becomes symmetric. Note the lack of JB3 expression in the ®nal location of the RA-soaked
bead, suggesting that JB3 is repressed by RA (arrow in f). All views are ventral toward the reader. L, left; R, right.
myocardium have not been detected, however, by either extracellular matrix composition might be one way to direct
their contributions, by biasing cell±cell interactions at themitotic indexing (Stalsberg, 1969b) or DNA labeling
(Thompson et al., 1995), prior to looping. Differences in various rostrocaudal levels of the fusing heart tube; indeed,
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and that activin implants in¯uence heart looping suggest
that activin may be an early initiator of these events. How-
ever, null mutant mice for activin A or B (Matzuk et al.,
1995a) or activin receptor type II (Matzuk et al., 1995b)
show no apparent heart defects. In the case of shh, while its
ectopic application affects heart laterality, its asymmetry at
stages 5±7 (Levin et al., 1995) is too late to initiate the
events described here; it is not detected within the heart-
forming region. shh is not asymmetric in mouse node nor
in the iv or inv mouse mutants (Collignon et al., 1996), and
shh null mutants have normal asymmetry of early heart
looping and the viscera (Chiang et al., 1996). Moreover, vita-
min A-de®cient quail which exhibit situs inversus have nor-FIG. 4. Experimental results summarizing the effects of RA upon
mal shh expression (Chen et al., 1996), and we observe hereheart laterality. The relative spatiotemporal abundance of JB3 and
that RA's effect on right identity is not through ectopic shhhLAMP-1 within the heart-forming regions is indicated by typeface
induction. Taken together, the exact relation between nodesize and case, as are their responses to retinoic acid treatment. RA-
right treatment reverses and/or equalizes hLAMP1 and JB3 levels signals and cardiac asymmetry remains unclear.
between the left and the right precardiac regions, resulting in ran- The list of asymmetrically expressed molecules in early
domization of loop direction. embryos is expanding rapidly: JB3, HNFb, and ActRcIIa are
predominantly right, while hLAMP-1, ¯ectin, nodal, and
lefty are enriched left. It is unclear whether one side or
the other dominates the left/right decision-making process.
One hypothesis is that left-sided signals dominate and thatthe rostrocaudal cardiac fate is established shortly before
the cells ingress through the streak and attain their lateral right lacks such a signal. Evidence for this comes from con-
joined twins, for which the right twin has a random assign-positions (Inagaki et al., 1993), immediately prior to
hLAMP-1 and JB3 detection. A potential regulatory role for ment of the left/right, while the left twin is generally situs
solitus (reviewed in Layton, 1985). Work by Hoyle et al.extracellular matrix proteins is further suggested by demon-
strations that proteoglycans and RGD-dependent interac- (1993) with left/right heart grafts might argue against this,
while the preponderance of left-restricted signals (lefty,tions affect laterality and loop direction in Xenopus (Yost,
1992, 1995). Antibody or peptide-blocking experiments can nodal) in experimental models and in the iv/iv and inv/inv
mice might weigh in favor of left dominance. Our worktest this hypothesis further.
Precardiac cells migrate through the primitive steak by here is not inconsistent with the notion of left dominance,
as it is the right side and not the left which is sensitive tostage 3/ and take positions lateral to Hensen's node at stage
4 (Garcia-Martinez and Schoenwolf, 1993); although their the RA signal. This is further indicated by the fact that, in
our model, it is the bilateral hLAMP-1/JB3 phenotype whichrostrocaudal identity in the future heart tube is already de-
termined by this time, heart loop asymmetry is not yet randomizes looping direction. However, what seems most
likely is that a combination of both right and left signalsdetermined. Using surgical grafts, Hoyle et al. (1992) dem-
onstrated that precardiac left/right identity is malleable at interact to establish and then reinforce these asymmetries,
with a particular factor only able to in¯uence the opposingstage 4 and committed by stage 6; they postulated that a
default pathway exists prior to stage 6, at which time some side during direct experimental manipulation. Whether the
mechanism by which heart loop direction is determined is``intrinsic change'' has occurred in these cells or their envi-
ronment. This ``intrinsic change'' may be a signaling mole- similar to that which sets body axis asymmetry is not
known, and further work is needed to establish their rela-cule which commits the cells to an asymmetric fate. A
consequence of this signal may be the upregulation of spe- tionship.
ci®c extracellular matrix proteins (i.e., hLAMP-1, JB3)
which re¯ect and reinforce this differential identity. Ex-
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